The morphogenetic field concept was proposed by experimental embryologists to account for the self-regulative behavior of embryos. Such fields have remained an abstract concept until the recent identification of their molecular components using a combination of genetics, biochemistry, and theoretical modeling. One of the best studied models of a morphogenetic field is the Dorsal-Ventral (D-V) patterning of the early frog embryo. This patterning system is regulated by the bone morphogenetic protein (BMP) signaling pathway and an intricate network of secreted protein antagonists. This biochemical pathway of interacting proteins functions in the extracellular space to generate a D-V gradient of BMP signaling, which is maintained during extensive morphogenetic movements of cell layers during gastrulation. The D-V field is divided into a dorsal and a ventral center, in regions of low and high BMP signaling respectively, under opposite transcriptional control by BMPs. The robustness of the patterning is assured at two different levels. First, in the extracellular space by secreted BMP antagonists that generate a directional flow of BMP ligands to the ventral side. The flow is driven by the regulated proteolysis of the Chordin inhibitor and by the presence of a molecular sink on the ventral side that concentrates BMP signals. The tolloid metalloproteinases and the Chordin-binding protein Crossveinless-2 (CV2) are key components of this ventral sink. Second, by transcriptional feedback at the cellular level: The dorsal and ventral signaling centers adjust their size and level of BMP signaling by transcriptional feedback. This allows cells on one side of a gastrula containing about 10,000 cells to communicate with cells in the opposite pole of the embryo.
"morphogens" (Turing 1952) . Wolpert (1969) proposed in his "French flag" model that a diffusing morphogen, flowing over a field of cells from a source to a sink, can form a linear gradient and pattern this field, provided that the cells are able to respond to different concentrations of the morphogen. Crick (1970) showed via a back of the envelope calculation that this model was physically plausible because the reaching of a steady-state gradient could occur in a reasonable amount of time in a field of 1 mm size. Turing (1952) was the first to formulate reaction -diffusion equations for a morphogen diffusing in a field of cells. Gierer and Meinhardt (1972) further showed that an activator and an inhibitor pair diffusing from the same source can generate stable patterns, provided the inhibitor diffuses faster than the activator. These simple models have proven to be very useful to qualitatively interpret embryological observations such as the patterning of the early Drosophila blastoderm by bicoid (Driever and Nüsslein-Volhard 1988; Gregor et al. 2007) or of the Drosophila segment by hedgehog (Heemskerk and DiNardo 1994) .
THE D-V GASTRULA MORPHOGENETIC FIELD
One of the best studied self-regulating fields is the amphibian gastrula. The D-V patterning system is responsible for the histotypic differentiation of the embryo, in the ectoderm instructing the choice between epidermis and neural tissue, and in the mesoderm between notochord, somite, kidney, lateral plate, and blood island differentiation. Spemann and Mangold (1924) discovered that the patterning of the gastrula D-V field was directed by an organizing center, the dorsal lip of the blastopore, which could induce a secondary axis with normal D-V and Antero-Posterior (A-P) patterning when transplanted into a host embryo. Soon, equivalent inducing tissues were found in other vertebrate embryos (Waddington 1932) , and even in spiders in which a structure called the cumulus can trigger the generation of a second axis when transplanted (Holm 1952; Oda and Akiyama-Oda 2008 ).
An important recent advance was the realization that the frog dorsal organizer is mirrored by a ventral center, and that the gastrula D-V pattern emerges from the balanced activities of these two centers (De Robertis and Kuroda 2004) . The ventral center went unnoticed for many years because at the start of gastrulation it occupies a broad region that only becomes restricted to the ventral side by mid gastrula. As shown in Figure 1 , the ventral center, as well as the dorsal center, displays inducing activity over great distances after transplantation into BMP-depleted embryos (Reversade and De Robertis 2005) .
The advent of molecular genetics allowed the discovery of the molecular components regulating the D-Vaxis. Genetic screens conducted either in Drosophila (Rusch and Levine 1996) or zebrafish (Schier and Talbot 2005; Kondo 2007 ) identified mutations in genes mostly belonging to the bone morphogenetic protein (BMP) pathway. Indeed, in both vertebrates and arthropods, a gradient of BMP signaling controls D-V patterning, although the gradient was inverted during evolution (De Robertis 2008) . This gradient can be visualized in the Xenopus gastrula, as shown in Figure 2 , through the carboxy-terminal phosphorylation of Smad1/5/8, the transcription factor that is phosphorylated by BMP receptors. The D-V patterning system has revealed an astonishing molecular conservation of the patterning molecular mechanisms between vertebrates and arthropods, and therefore was an ancestral feature of all bilateria (Holley et al. 1995; De Robertis and Sasai 1996; De Robertis 2008) . From a practical point of view, these conserved features have led to rapid progress in the understanding of D-V patterning, through the full use of the diversity of approaches available in different model organisms.
patterning is dependent on the interaction in the extracellular space of BMP ligands, receptors, BMP antagonists, metalloproteinases, and other modulators, which are detailed below.
BMP Ligands
The main BMP ligands involved in Xenopus D-V patterning are BMP2, BMP4, BMP7, and ADMP (antidorsalizing morphogenetic protein). Indeed, only when all four of them are depleted with antisense morpholino oligos does the morphogenetic field collapse, causing ubiquitous neural induction throughout the ectoderm (Fig. 1C ) (Reversade and De Robertis 2005) . BMP ligands belong to the TGF-b superfamily of growth factors (Schmierer and Hill 2007) . The mature protein presents a cystine knot domain and is secreted as covalently bound homo-or hetero-dimers. BMP4 and BMP7 are expressed in the ventral center where they induce high BMP signaling. Although counterintuitive, two BMPs, ADMP (Moos et al. 1995) and BMP2 (Inomata et al. 2008) 2008), which is capable of promoting BMP signaling at considerable distances from the organizer (Fig. 1F ). The BMP homologs in the Drosophila early embryo are called Decapentaplegic (Dpp) and Screw (Scw).
RECEPTORS AND INTRACELLULAR SIGNALING
The receptors for BMP ligands are transmembrane proteins featuring a cysteine-rich extracellular domain and a conserved intracellular serine/threonine kinase domain (Schmierer and Hill 2007 (Shimmi et al. 2005) . When these heterodimers are released in the dorsal side of the embryo, Scw recruits Saxophone and Dpp recruits Thickveins, resulting in a heterotetrameric receptor complex that generates the peak activity required for amnioserosa formation (Shimmi et al. 2005) . A similar situation may exist in zebrafish, in which mutations in BMP2b or BMP7 cause identical and very potent low-BMP (dorsalized) phenotypes (Schmid et al. 2000) .
The active receptor complex phosphorylates the SMAD1/5/8 transcription factors at their C-terminus, which triggers their accumulation in the nucleus and subsequent activation of target genes. Thus, nuclear phosphorylated 
Extracellular BMP Antagonists

Chordin and Noggin
To regulate the levels of BMP signaling, the embryo secretes a cocktail of inhibitors, which generate the signaling gradient. The dorsal Spemann organizer expresses two main inhibitors, Noggin and Chordin (Smith and Harland 1992; Sasai et al. 1994) . They both bind to BMPs in the extracellular space and prevent their interaction with the BMP receptors (Holley et al. 1996; Piccolo et al. 1996; Zimmerman et al. 1996) . Noggin consists of a cystine knot and could therefore be evolutionarily related to BMPs (Groppe et al. 2002) . Chordin contains four cysteine rich (CR) domains that can bind BMPs and are present in many other BMP-and TGF-b-binding molecules (Garcia Abreu et al. 2002) . Xenopus or zebrafish embryos depleted for Chordin display an enlarged ventral center, consistent with an inhibitory role of Chordin on the BMP pathway (Schulte-Merker et al. 1997; Oelgeschläger et al. 2003) . Chordin is an essential component of the organizer, because Chordin morpholinos completely block the inductive activity of Spemann-organizer grafts (Oelgeschläger et al. 2003) . Its Drosophila homolog, Sog (Short Gastrulation), also inhibits BMP activity (Ferguson and Anderson 1992; François et al. 1994) , and diffuses from its ventral site of synthesis forming a D-V gradient (Srinivasan et al. 2002) . The diffusion of Sog is required for the accumulation of Dpp/ Scw heterodimers on the dorsal side of the Drosophila embryonic blastoderm to achieve peak BMP signaling (Ashe and Levine 1999; Shimmi et al. 2005) .
BAMBI
Another extracellular BMP antagonist is BAMBI (BMP and activin membrane bound inhibitor), a decoy transmembrane BMPRI-like receptor that lacks a functional kinase domain (Onichtchouk et al. 1999 
Chordin Proteases and Their Regulators
Tolloids Tolloids (Tld) belong to the astacin family of extracellular zinc metalloproteases. The first tolloid was purified together with BMP growth factors from decalcified bone extracellular matrix (Wozney et al. 1988 ) and designated BMP1. It was subsequently found that a related protease was a key element in the regulation of D-V patterning in Drosophila (Shimell et al. 1991) . Two of the three vertebrate paralogs, BMP1 and Xolloid-related (Xlr), are expressed during gastrulation in Xenopus, whereas the third, Xolloid, is expressed at higher levels at neurula stages (Dale et al. 2002) . Although BMP1 is expressed uniformly, the expression of Xlr is restricted to the ventral center under the positive regulation of BMPs (Dale et al. 2002; Inomata et al. 2008) . Tolloids cleave Chordin/Sog at two specific cleavage sites, with a higher efficiency when Chordin/Sog is bound to BMP ligands and Tsg (Marqués et al. 1997; Piccolo et al. 1997; Larraín et al. 2001; Shimmi and O'Connor 2003) . This cleavage produces Chordin fragments with a lower affinity for BMPs. As shown by Piccolo et al. (1997) , this allows previously inactive BMP4/BMP7 heterodimers to be released from Chordin to signal again. Tolloid proteolysis is the key switch that controls the inhibitory function of Chordin. Recent studies of two additional secreted factors, Sizzled and Ont1, have shown that tolloid proteolytic activity is tightly regulated.
Sizzled
Sizzled (Szl) is a secreted frizzled related protein (sFRP) expressed in the ventral center (Salic et al. 1997 ) that, contrary to other sFRPs, lacks anti-Wnt activity (Collavin and Kirschner 2003) . Early studies of Ogon, a point mutation in the zebrafish Szl gene, as well as morpholino knockdown in Xenopus, showed that Szl displayed a Chordin-dependent (Yabe et al. 2003) anti-BMP activity (Collavin and Kirschner 2003; Martyn and Schulte-Merker 2003) . It has now been established that Szl functions as a competitive inhibitor of tolloid metalloproteinases (Lee et al. 2006; Muraoka et al. 2006) . Szl acts as a feedback inhibitor of the ventral center by down-regulating Chordin degradation in the embryo (Fig. 3) .
Ont1
Ont1 is a gene belonging to the olfactomedin family of proteins, which are composed of a coiled-coil domain and an olfactomedin (Olf ) domain (Zeng et al. 2005; Sakuragi et al. 2006) . At least ten related olfactomedin genes were known to exist in vertebrates, but their function was unknown. In Xenopus, Ont1 is expressed broadly in the dorsal mesoderm and negatively regulated by BMP signaling (Inomata et al. 2008) . A recent study has uncovered its role in enhancing the robustness of D-V patterning by regulating the activity of the frog organizer (Inomata et al. 2008) . At the molecular level, Ont1 behaves as an adaptor protein that brings together Chordin and Tolloids, forming a complex that promotes the degradation of Chordin. The coiled-coil domain binds to Xlr/BMP1 and the Olf domain binds to the CR2-CR4 region of Chordin. Ont1 knockdown increases the sensitivity of the Xenopus embryo to microinjection of Chordin. Therefore, Ont1 is a novel regulator of Chordin levels in the embryo (Fig. 3) , which leads to Chordin degradation by increasing Tolloid activity.
Additional Extracellular Modulators
Twisted Gastrulation
Twisted gastrulation (Tsg) is an evolutionarily conserved context-dependent modulator of BMP signaling that is present in both Drosophila (Mason et al. 1994 ) and vertebrates (Oelgeschläger et al. 2000) . It is secreted by the ventral center and can bind both to Chordin and BMPs to form a stable ternary complex unable to bind BMP receptors (Oelgeschläger et al. 2000; Chang et al. 2001; Ross et al. 2001; Scott et al. 2001 ). However, the Chd/BMP/Tsg complex is more sensitive to cleavage by Tolloid proteases, and Tsg can efficiently compete with Chordin fragments for the binding of BMPs (Larraín et al. 2001; Scott et al. 2001) . Therefore, after Chordin/BMP/Tsg complexes are cleaved by Tolloid at the Chordin sites, the activity of Tsg switches from a BMP inhibitory cofactor to a pro-BMP factor. In zebrafish, the overall function of Tsg is to promote BMP signaling, because its depletion with antisense morpholinos causes dorsalization of the embryo (Little and Mullins 2004; Xie and Fisher 2005) , contrary to initial reports (Ross et al. 2001) . In Xenopus embryos depleted of Chordin and Crossveinless-2, there is an absolute requirement for Tsg for BMP signaling to occur (Ambrosio et al. 2008) . Probably one function of Tsg is to keep heterodimers between BMP2/4 and ADMP or BMP7 in a soluble state in the extracellular space. Indeed, in Drosophila, Sog requires Tsg to detach Dpp/Scw heterodimers from the extracellular matrix (Wang et al. 2008 ).
Crossveinless-2
Crossveinless-2 (CV2) is a secreted protein required for the formation of the Drosophila wing crossveins (Conley et al. 2000) . It is conserved in vertebrates and possesses five Chordin-like CR domains, as well as a von Willebrand factor D (vWF-D) domain. CV2 is autocatalytically processed in the secretory pathway into two fragments containing respectively the CRs and the vWF-D domains, linked by a disulfide bridge (Binnerts et al. 2004; Kamimura et al. 2004; Ambrosio et al. 2008) . The CV2 gene is expressed in the ventral center in Xenopus under the positive control of BMPs, and has been shown in a diverse range of settings to be able to both promote and antagonize BMP signaling Rentzsch et al. 2006; Ambrosio et al. 2008; Zakin et al. 2008 ). In Drosophila, cv2 is expressed in sites of high BMP signaling, such as the crossveins and the dorsal third of the blastoderm (Serpe et al. 2008) . Recent structural, biochemical, and mathematical studies (Ambrosio et al. 2008; Serpe et al. 2008; Zhang et al. 2008) suggest that CV2 is a key component of the Chd/Sog biochemical pathway, in which it helps ensure that a flux of Chd/Tsg/BMP towards the regions of peak BMP signaling is maintained.
REACHING PEAK LEVELS OF BMP SIGNALING
As shown in Figure 4 , a biochemical pathway of the molecular interactions occurring in the ventral center of Xenopus (or dorsal-most stripe of Drosophila) is starting to emerge. Several properties are worth noting.
First, CV2 contains a heparan sulfate proteoglycan (HSPG) binding site in its vWF-D domain (Rentzsch et al. 2006 ). In Drosophila wing discs, the binding of CV2 to the HSPG glypican Dally has been shown to prevent it from diffusing beyond two or three cell diameters from its site of synthesis (Serpe et al. 2008 ). In the mouse, CV2 protein also remains anchored at its site of synthesis in prevertebral cartilages (Zakin et al. 2008 ). Thus, CV2 protein remains concentrated on the surface of cells in which BMP signaling is high.
Second, the fact that CV2 is tethered to the cell membrane via the glycosyl phosphatidyl inositol (GPI) anchor of Dally (Serpe et al. 2008 ) presents interesting opportunities for the endocytosis of CV2. GPI anchors are lipidic and bind preferentially to cholesterolrich regions of membranes, which in turn are associated with endocytosis via the caveoli pathway, which is generally followed by intracellular degradation (Fig. 4) .
Third, structural studies have shown that the first CR domain of CV2 interacts with BMP dimers in a 2:1 ratio, forming inhibitory BMP-CV2 complexes (Zhang et al. 2008 ). CV2 also binds Tsg, and becomes a better BMP antagonist in its presence (Ambrosio et al. 2008) .
Fourth, CV2 binds to the Thickveins type I receptor via its CR domains (Serpe et al. 2008) (Fig. 4 ). This has led to the proposal of a model of facilitated transfer, in which the vicinity with CV2 promotes the transfer of BMP from CV2 to Thickveins. Using mathematical modeling, it has been shown that BMP signaling can be promoted at low CV2 concentrations in a ligand-specific manner and is inhibited at high concentrations of CV2 that antagonize the formation of active receptor-ligand complexes (Serpe et al. 2008) .
Finally, Ambrosio et al. (2008) discovered that CV2 is a Chordin-binding protein.
Full-length Chordin binds to CV2 with an affinity of 1 nM in biochemical assays. Interestingly, CV2 displays an even higher affinity for Chordin complexed with BMP4 and for Chordin protein fragments after cleavage by Tolloids (Ambrosio et al. 2008) .
CV2 may be involved in the removal of spent Chordin fragments from the extracellular space (Fig. 4) , because CV2 depletion causes the Xenopus embryo to become hypersensitive to microinjected Chordin protein (Ambrosio et al. 2008) . Chordin is secreted in prodigious amounts in the Xenopus gastrula, at an estimated concentration of 30 nM in the extracellular space if it were uniformly distributed (Lee et al. 2006) . Therefore, removing extracellular Chordin should be essential to maintaining the D-V flux of morphogens. The flow of epitope-tagged BMP4 from dorsal to ventral has been recently directly shown in Xenopus, and shown to require Chordin (Ben-Zvi et al. 2008) .
Systems Biology of the Morphogenetic Gradient of the Xenopus Gastrula
Cite this article as Cold Spring Harb Perspect Biol 2009;1:a001701
In the absence of tolloids, CV2 would capture Chordin-BMP complexes and inhibit signaling (anti-BMP effect). In the diagram shown in Figure 4 , we propose that Chordin-Tsg-BMP complexes bound to CV2 might be key substrates for the cleavage by Tolloid (in collaboration with the scaffold protein olfactomedin/Ont1). In these circumstances, the presence of Thickveins/BMPR-Ia in the same protein complex would greatly facilitate transfer of the liberated BMPs to their cognate receptors followed by signaling, as proposed by Serpe et al. (2008) . In this view, the pro-BMP activity of CV2 would be caused by concentrating Chordin/Tsg/BMP complexes diffusing from other regions of the embryo in which BMP signaling levels are lower (Ambrosio et al. 2008 The interaction of CV2 with membrane-anchored glypican/Dally restricts CV2 diffusion and keeps it localized to the ventral center. CV2 binds with high affinity to Chd/BMP complexes diffusing from more dorsal regions of the embryo. The Chd/BMP complex (which also includes Tsg, not shown) is then cleaved by tolloid proteases (with the help of the scaffold protein Ont1) while still bound to the CV2 complex, which also contains BMP Type I receptors. This facilitates the binding of BMPs released by tolloid to their Type I receptors, whereas Chd fragments remain bound to CV2 and may be cleared by endocytosis. In this model, the pro-BMP activity of CV2 is caused by the flow of Chd/BMP complexes to the ventral side, their release by Tolloid, and the clearing of Chordin residual fragments (which are still able to bind BMPs via their CR modules). positive feedback mechanism in the Drosophila amnioserosa by which Dpp/Scw signaling, which is initially more diffuse, becomes focused to a narrow band of cells in the dorsal midline (Wang and Ferguson 2005; Umulis et al. 2006) . This bistability in signaling levels is a function of previous exposure to BMP signaling. Although it is not known at present whether Drosophila cv2 is transcriptionally controlled by BMP signaling, its mRNA is expressed in the dorsal third of the blastoderm (Serpe et al. 2008) , and is a prime candidate to contribute to the generation of the bistability switch (Umulis et al. 2006 ).
MATHEMATICAL MODELING OF THE EXTRACELLULAR NETWORK
D-V patterning requires an extracellular network of proteins regulated by opposite transcriptional controls (Fig. 3) to create a robust pSMAD gradient that determines cell type differentiation. These proteins, their interactions, and regulation have been uncovered by genetic, cloning, and biochemical studies, which have provided many insights into the key processes that underlie the behavior of the system. However, as knowledge of the pathway improves and its complexity is uncovered, quantitative mathematical models are needed to analyze the properties of the network (Reeves et al. 2006; Lander 2007; Ibañes and Belmonte 2008) . The eventual goal is to understand the properties of the entire system that mediates the self-regulation of a morphogenetic field. These insights are difficult to achieve by intuition alone and require mathematical analysis (Plouhinec and De Robertis 2007) . Partial differential equations (PDE) provide a natural way to model the spatio-temporal evolution of diffusing molecules (Turing 1952; Gierer and Meinhardt 1972) .
British mathematician Alan Turing proposed in 1952 that pattern formation in development might be explicable by a system of chemical substances that react together and diffuse between cells following the ordinary laws of thermodynamics (the law of mass action and Fick's law of diffusion). He coined the term "morphogen" for these mysterious chemicals and formulated reaction -diffusion equations of the type shown at the top of Figure 5 . The equation describes the changes in concentration of a morphogen C over time (t) as a function of its diffusion, degradation, and synthesis. We are constructing an "electronic frog" model that includes most of the interacting components shown in Figure 3A Plouhinec and E.M. De Robertis, unpubl.) . Recently, a simplified reaction -diffusion model has shown that the flow of BMP is an essential requirement for the generation of a stable and scalable BMP gradient (Ben-Zvi et al. 2008) .
The combination of mathematical modeling and experimental approaches has already proven very fruitful in the study of Drosophila D-V patterning (Eldar et al. 2002; Mizutani et al. 2005; Shimmi et al. 2005; Kicheva and González-Gaitán 2008; Serpe et al. 2008) and is now being extended to vertebrates (Zhang et al. 2007b; Ben-Zvi et al. 2008 ). These studies have uncovered several features of the D-V patterning network that account for its robustness.
At the extracellular level, Chordin/Sog not only inhibits BMPs by binding to them and preventing interaction with their receptors, but in combination with Tolloid proteases drives a flow of BMPs to the ventral side (Piccolo et al. 1997; Ashe and Levine 1999; Eldar et al. 2002; Srinivasan et al. 2002) . Mathematical modeling has suggested that the flux of BMPs mediated by Chordin/Sog is crucial for the robustness of the BMP gradient (Eldar et al. 2002; Ben-Zvi et al. 2008) . It is interesting to note that Chordin is important but not crucial to pattern the mouse gastrula (Bachiller et al. 2000 (Bachiller et al. , 2003 , indicating that the slower developing mammalian embryos may have evolved new strategies. Perhaps the need for self-regulation is decreased when the embryo develops at a constant temperature, or when epiboly movements over a reserve of yolk are no longer required.
The robustness is encoded in the regulatory topology of the D-V field that generates the BMP activity gradient. The field is patterned by two synexpression groups, the dorsal Chordin organizer, and the ventral BMP center, each one expressing a coherent set of BMP ligands and antagonists (De Robertis and Kuroda 2004) . The two centers are under opposite transcriptional regulation by BMP signaling ( Fig. 3B ), which ensure their mutual exclusivity and location at opposite poles of the embryo (Reversade and De Robertis 2005) . Each center is self-regulative, because it secretes antagonists of its own activity: BMPs and anti-Chordin proteins (Ont1) on the dorsal side, and anti-BMPs (CV2, BAMBI) and pro-Chordin (Sizzled) molecules on the ventral side (Fig. 3A ). This feedback adjusts the level of BMP activity on the dorsal and ventral side, a property essential for the scaling of the gradient with size; for example, when an embryo is cut in half or subjected to a Spemann graft that results in two Siamese twins of the same size (Reversade and De Robertis 2005; Lee at al. 2006 ). Finally, each center regulates at a distance the activity of the opposite center, as evidenced by the fact that transplantation of either the dorsal center or the ventral center can regenerate the D-V gradient (Fig. 1) (Reversade and De Robertis 2005) . This last property makes the D-V field robust to perturbations of BMP levels, which likely is key to its regeneration abilities.
PROSPECTS
The time is now ripe for a fruitful interaction between experimental embryology and theoretical modeling to reverse engineer the D-V Figure 5 . Partial differential equation describing the evolution of free Chordin concentration in a minimal model of dorsal-ventral patterning. The equation shown on top is a simplified version, based on the reaction -diffusion equations proposed by Turing in 1952. The biochemical model shown below includes Chordin (Chd) and BMP4, which can form a Chd-BMP4 complex (ChdþBMP4$Chd-BMP4), as well as the Xolloid-related protease (Xlr), which can degrade Chd and Chd-BMP4 (ChdþXlr!Xlr; Chd-BMP4þXlr!BMP4þXlr). Chd is produced dorsally, and the protein and its complexes can diffuse. This model can be described mathematically by a system of intertwined reaction -diffusion partial differential equations (PDE), each equation describing the evolution of the concentration of one component of the system ( protein or complex) over time. The evolution of the concentration (shown here for free Chordin) takes into account the diffusion, as well as the reactions that lead to the synthesis and degradation of the component. These equations are generally applicable to many patterning systems. They enable the use of mathematical and numerical tools to analyze the behavior of a self-regulating morphogenetic gradient. r 2 is the second derivative in space, D Chd is the diffusion rate of free Chd, and k deg , k a , and k di the degradation, association, and dissociation rates of the reactions involving free Chd. morphogenetic field. Physiochemical properties of the interactions between components, such as dissociation constants (K D ) and enzymatic Michaelis constants (K m ), have been determined (see, e.g., Piccolo et al. 1996; Dyson and Gurdon 1998; Lee et al. 2006; Zhang et al. 2007a; Ambrosio et al. 2008) . It is feasible to image and quantify the gradient of BMP activity (Fig. 2) (Tucker et al. 2008) , and the Xenopus embryo provides ways to manipulate the gradient experimentally (see, e.g., McDowell et al. 1997; Oelgeschläger et al. 2003; Reversade and De Robertis 2005) .
Many important unanswered questions concerning the Xenopus gastrula patterning gradient remain. Given the short time frame for the establishment of a D-V gradient in a 1.2 mm Xenopus embryonic field of about 10,000 cells (less than 4 h at 228C from blastula to mid-gastrula), has the BMP gradient reached a steady state or is the gradient interpreted whereas still in the transient phase? This could affect which molecular process is important in the formation of the gradient (Lander 2007) . There is, for example, evidence that in the case of the activin morphogen the gradient is interpreted dynamically (Gurdon et al. 1995) . Given that a network consisting of only BMP, Sog, and Tolloid can be modeled to generate a gradient of BMP activity (Eldar et al. 2002) , how useful are the additional extracellular feedback regulators for the control of the endogenous gradient? Indeed, some of them have been lost during evolution (BAMBI was lost in Drosophila but is found in vertebrates and Tribolium) or are restricted to a subgroup of bilateria (Sizzled has so far only been found in vertebrates; J.-L. Plouhinec and E.M. De Robertis, unpubl.) . How is D-V positional information integrated with other signaling pathways to provide a full coordinate system for cells in the embryo? SMAD transcription factors provide an interesting platform because they can integrate BMP, Wnt, and FGF signals through multiple phosphorylation sites that regulate their activation and the duration of the signal (Fuentealba et al. 2007; Eivers et al. 2008) . Finally, how is D-V patterning integrated during the extensive morphogenetic movements in the Xenopus gastrula? Two observations of research provide interesting starting points to investigate this last question: BMPs regulate the migration of cells in the zebrafish gastrula (von der Hardt et al. 2007; Tucker et al. 2008 ) and also control cell proliferation in the Drosophila wing (Rogulja and Irvine 2005) .
A century of research in amphibian embryos has uncovered the outlines of the extracellular machinery that generate and self-regulate the D-V axis (timeline in De Robertis 2006). It started with Spemann with the discovery of embryonic induction and fields, concepts that borrowed heavily on physics, the dominant science at the time. In the 1990s, a phase of molecular discovery of the identified components of the machinery showed their interactions in chemical terms. Embryology is now returning to a systems approach, based on mathematics and physics, to understand the behavior of the whole.
